In this paper, we propose and demonstrate a five-port optical router based on mode-selective property. It utilizes different combinations of four spatial modes at input and output ports as labels to distinguish its 20 routing paths. It can direct signals from the source port to the destination port intelligently without power consumption and additional switching time to realize various path steering. The proposed architecture is constructed by asymmetric directional coupler based mode-multiplexers/de-multiplexers, multimode interference based waveguide crossings and single-mode interconnect waveguides. The broad optical bandwidths of these constituents make the device suitable to combine with wavelength division multiplexing signal transmission, which can effectively increase the data throughput. Measurement results show that the insertion loss of its 20 routing paths are lower than 8.5 dB and the optical signal-to-noise ratios are larger than 16.3 dB at 1525-1565 nm. To characterize its routing functionality, a 40-Gbps data transmission with bit-error-rate (BER) measurement is implemented. The power penalties for the error-free switching (BER < 10 −9 ) are 1.0 dB and 0.8 dB at 1545 nm and 1565 nm, respectively.
Introduction
Optical interconnect offers a communication backbone that has the highest level of capacity and reliability [1, 2] . Photonics network-on-chip (NoC), which capitalizes on the benefits of optical interconnect, such as large capacity, low latency and low power consumption, has been proposed as a promising alternative to traditional metallic interconnect for large-scale multiple processor cores [3, 4] . As the key component of NoC, the optical router undertakes the function of routing signals from input ports to desired output ports.
Lots of optical routers and switches have been reported [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Among them, the four-port and five-port optical routers have received wide attention as they are commonly used as building blocks of many photonic NoC architectures [5] [6] [7] [8] [9] [10] [11] [12] [13] . Compared with optical routers with dynamically established routing paths, optical routers with passively established routing paths are much more energy-efficient and have no switching time on the expense of fixed routing paths [8-10, 15, 18] . Wavelengthselective optical router is a stereotype, which utilizes the freedom of wavelength, although the wavelength-selective characteristic intrinsically limits its optical bandwidth. Moreover, the resonance components that have been used to realize wavelength selectivity are sensitive to environmental temperature variation. Recently mode division multiplexing (MDM) offers a new dimension to scale on-chip optical interconnect by utilizing the spatial modes of waveguides to carry multiple optical signals simultaneously. Correspondingly, many devices for MDM such as mode multiplexers/de-multiplexers, multimode waveguide crossings and multimode waveguide bends have been reported [20] [21] [22] [23] [24] [25] [26] [27] . Similar to wavelength selectivity, mode selectivity utilizes different spatial modes and can also be considered as a new degree of freedom to construct optical routers. Combining MDM technologies with optical router can offer new potentials in high-throughput, high-stability passive data routing.
In this paper, we propose and experimentally demonstrate a five-port optical router using the mode-selective property. It utilizes the different combinations of four spatial modes at input and output ports as labels to distinguish its 20 routing paths, and it can passively direct signals from the source port to the destination port intelligently without power consumptions and additional switching time to realize various path steering. The multicast capability can be realized by importing MDM signals to each port. The architecture is constructed by five asymmetric directional coupler based mode multiplexers/de-multiplexers, nine multimode interference based waveguide crossings and 10 single-mode interconnect waveguides. These components have broad optical bandwidths, so the constructed device is suitable for wavelength-division multiplexing signal transmission. Experimental results show that the insertion loss of its 20 routing paths are less than 8.5 dB and the optical signalto-noise ratios (OSNRs) are larger than 16.3 dB in the worst case. To characterize its routing functionality, a 40-Gbps data transmission with bit-error-rate (BER) measurement is implemented at both 1545 nm and 1565 nm.
Architecture design and device fabrication
Generally, each routing path of passive routing optical routers is pre-designed and fixed in advance. As signal injected into one port is unnecessary to be back to itself, we combine the corresponding input and output ports into a unique port with bidirectional data transmission to simplify the architecture design and reduce the footprint. The five ports of our proposed device are defined as P 1 , P 2 , P 3 , P 4 and P 5 , respectively. Each port supports both upstream signals and downstream signals. Similar to wavelengthselective routing, signals injected into one port at different spatial modes will be routed to different target ports in mode-selective routing. For example, if signals at four different modes M 1 , M 2 , M 3 and M 4 are injected into P 1 , they can be assigned to P 2 , P 3 , P 4 and P 5 , respectively. To effectively utilize the spatial mode channel resources, we assign a minimal number of spatial modes in the architecture to fulfill the one-by-one mapping of input-output port pairs and input-output mode combinations so that all routing paths can be distinguished and the communications among them can be established simultaneously without confliction. Specific to our five-port optical router, each port supports multiple spatial modes and needs to be communicated with the other four ports. To avoid blocking among routing paths, at least four spatial modes are required. We select the four lowest-order guided modes TE 0 , TE 1 , TE 2 , and TE 3 in multimode waveguide and assign them suitably to fulfill the non-blocking communication of the whole 20 routing paths of the five-port optical router. The mapping of input-output spatial mode combinations and the routing paths are listed in Table 1 . Each item including two modes and an arrow represents the combination of assigned input/output modes for the corresponding routing paths. Signal injected at the mode of arrow left from the input port is sent to the target output port and converted to the mode of arrow right for distinguishing the source port.
The rule of the mode-selective routing can be explained as follows. Selecting a specific port as viewpoint, there are four other ports remaining for communication. To make the explanation convenient, we reorder the sequence of the remaining four ports as first, second, third and fourth based on their original sequence of port number. If the selected port functions as an input port, the signal sent at mode TE i (i = 0, 1, 2, 3) is guided to the (i + 1)th port. If it functions as an output port, signals received at mode TE i is sent from the (i + 1)th port. We use P 1 as example to further explain the assignment. There are four remaining ports P 2 , P 3 , P 4 and P 5 that should be communicated with. If P 1 works as an input port, signal sent at TE 0 , TE 1 , TE 2 and TE 3 modes are guided to P 2 , P 3 , P 4 and P 5 , respectively. Oppositely, if P 1 is used as an output port, the received signals at TE 0 , TE 1 , TE 2 and TE 3 modes are sent from P 2 , P 3 , P 4 and P 5 , respectively.
By this one-by-one mapping rule, the passive routing device can be established using mode selectivity. The architecture of the five-port router is shown in Figure 1 . Five Table 1 : One-by-one mapping of spatial mode combinations and routing paths of the five-port optical router.
Input port
Output port P 1 P 2 P 3 P 4 P 5
four-channel mode multiplexers/de-multiplexers are connected behind ports P i . Their function is to multiplex fundamental mode signals and convert them to suitable mode orders in P i or to de-multiplex the multiplexed signals into fundamental mode ones and assign them to different single-mode waveguides by the original mode order. The implemented function is decided by the signal flow direction. We select asymmetric directional coupler (ADC) as a unit to construct the mode multiplexer/de-multiplexer as it is compact, easy to scale and has relative large optical bandwidth [24] . Ten single-mode interconnect waveguides are used to connect the single-mode waveguide of each ADC by the rule of Table 1 to realize the one-byone mapping of the routing path. Considering the device characterization, optical fibers should be introduced for input and output. While the coupling between multimode fiber and multimode waveguide is a challenge work, five auxiliary on-chip mode multiplexers/de-multiplexers are connected before five ports P 1 to P 5 , as shown in the right part of Figure 1 . Twenty auxiliary input/output ports are labeled from (i = 1, 2, 3, 4, 5; j = 0, 1, 2, 3) represents that signal flowing from this auxiliary port is connected to the TE j mode at port P i . To better illustrate the characterization process of optical router in next part, the description of the routing paths are substituted by using mark A . A A → is equivalent to that of P 2 (TE 2 ) → P 4 (TE 1 ) in the optical router. The related physical connection for this routing path is given as the red line in Figure 1 .
The device is fabricated on an 8-inch silicon-oninsulator wafer with a 220-nm-thick top silicon layer and a 3-μm-thick buried silicon dioxide layer at the Institute of Microelectronics, Singapore. A 248-nm deep ultraviolet photolithography is used to define the patterns, and inductively coupled plasma etching is employed to form the silicon waveguides. Single-mode rib waveguide is 400 nm in width, 220 nm in height and 70 nm in slab thickness, which only supports the fundamental quasi-TE mode. The widths of the rib waveguides carrying the TE 1 , TE 2 and TE 3 modes are chosen to be 920 nm, 1420 nm and 1920 nm, respectively. A 1500-nm-thick silica layer is deposited on the silicon layer by plasma-enhanced chemical vapor deposition as the cladding layer. Figure 2 shows the micrograph of the fabricated device. Multimode interference based waveguide crossings are used to minimize the propagation loss [28] . A silicon inverse taper covered by an air-bridge silicon dioxide intermediate transition waveguide is used to reduce the coupling loss between the silicon waveguide and the normal single-mode fiber [29, 30] .
Experimental characterization and discussion
The experimental setup for characterizing the device is shown in Figure 3 . Two 10-channel single-mode fiber arrays are utilized to couple light into and out of the device. An amplified spontaneous emission source and an optical spectrum analyzer are utilized to characterize the static spectra of the device. Experimental results show that the coupling loss between waveguide and singlemode fiber is about 3 dB/butt. So a 6-dB coupling loss is deducted for all normalized transmission spectra. The insertion loss and OSNRs are thoroughly characterized for all 20 routing paths of the router. We take the routing path A A → as example to illustrate the method. In this routing path, 1 4 A is served as output port, as shown in Figure 4 (the transmission spectrum of signal is shown in bold red line), and the insertion loss is 2.9-7.8 dB in the wavelength of 1525-1565 nm. Except for the desired signal A , signals injected from any other 18 ports may also cause noise to the signal routing path theoretically because of the unexpected leakage; their noise at 1 4 A are measured one by one as shown in normal color lines. In actual application, the light beams are incoherent with each other, so the total noise for one specific routing path is the summation of the noise from individual input. At the worst case, each P i has four upstream signals and four downstream signals, all auxiliary ports A j i have signal input and the total noise is the sum of all noise, which is shown in purple bold lines. The OSNR is 18.1-23.9 dB in the wavelength range from 1525 nm to 1565 nm. In more common applications, one upstream signal and one downstream signal are occupied for any P i , which is similar to the routing principle of traditional optical routers. In this case, 2 2 A is used for upstream signal in our example, so 0 2 A , 1 2 A and 3 2 A would not send signal and not cause noise to 2 2 A . Similarly, for the remaining auxiliary input ports, only four inputs could be activated at the same time, each one in charge of loading one upstream signal, and they cause noise to 2 2 A . The total noise is the sum of these four noise. As the conservative estimation, the largest of the four noise is selected. The summation is shown as the green bold line. This case gives the best evaluation of the OSNRs, which is 21.8-29.5 dB.
We calculate the insertion loss and OSNRs of all 20 routing paths; the result is shown in Table 2 . Based on the statistics, we can see that in both cases, the insertion loss is lower than 8.5 dB and the OSNRs are larger than 16.3 dB. The main factor leading to the fluctuation of values is the performance variation of ADCs caused by fabrication imperfections. In our device, mode multiplexers for TE 1 and TE 2 modes have relative larger insertion loss and leakage, so the routing paths related to TE 1 mode and TE 2 mode have larger insertion loss and lower OSNRs.
The experimental setup for data transmission is shown in the bottom-half part of Figure 3 . As the signal flow through routing paths is bidirectional, two fiberbased three-port circulators are utilized to separate the upstream and downstream signals. The three-port circulator has three ports labeled as 1, 2 and 3. It supports the transmissions of 1 → 2, 2 → 3, and 3 → 1 and blocks the reverse transmissions. Two signal transmitters are used; in each one, a continuous wave light is generated by a tunable laser and injected into a LiNbO 3 optical modulator. A 40-Gbps pseudo-random binary sequence with a length of 2 9 -1 is generated by a multi-channel pulse pattern generator and adopted to drive the LiNbO 3 optical modulators. Two modulated optical signals are coupled into and out of the device through the three-port circulator. The signal outputs from on-chip transmission are sent into a digital communication analyzer and a realtime oscilloscope for eye diagram observation and BER measurement, respectively. We also choose the routing path A A → for characterization. Figure 5 shows the observed eye diagrams and BERs at 1545 nm and 1565 nm. Compared with the back-to-back signal, eye diagrams after on-chip routing are clear and open, which are not much deteriorated. The power penalties for the error-free switching (BER < 10 −9 ) are 1.0 dB and 0.8 dB at the 1545 nm and 1565 nm, respectively. Based on the standard of International Telecommunication Union, channel spacing of 100 GHz is commonly used, so there are 50 channels in the wavelength range of 1525-1565 nm. If each channel carries a signal with the data rate of 40 Gbps, the total throughput is 2 Tbps for each routing path.
Conclusion
In summary, we propose and experimentally demonstrate a five-port non-blocking optical router based on mode-selective routing. It utilizes four spatial modes to distinguish routing paths and can passively direct specific spatial mode from the source port to the destination port intelligently without power consumptions and additional switching time. The architecture is constructed by mode-multiplexers/de-multiplexers, waveguide crossings and single-mode interconnect waveguides. The footprint of the five-port router is 1 mm × 0.5 mm. Experimental results show that the insertion loss of its 20 routing paths are less than 8.5 dB and the OSNRs are larger than 16.3 dB in the worst case. To characterize its routing functionality, a 40-Gbps data transmission is implemented. The device we present expands the library of optical router and creates possibilities for more future applications combining MDM and passive optical router. IL, insertion loss. A A at the wavelength of 1545 nm and 1565 nm.
